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1 Abstract

The results on Booster dynamic aperture simulation with imggetion/extraction
systems are presented.

2 Dynamic aperture simulation

The multiturn tracking of particles at dynamic aperturewdations in the Booster
are done using STRUCT code [1]. The MAD program multipolefiicients of
the ordem with respect to the magnet center (also used in the STRUC#)aréd
presented in Tables 1 and 2. Magnetic field distributione@ROCUSING and
DEFOCUSING magnets are presented in Figs. 1 and 2. Betadusctisper-
sion and beam orbit at injection calculated by STRUCT and M&&® shown in
Fig. 3.

Horizontal and vertical phase plane for the Fermilab Baosith nonlinear
fields in the injection and extraction systems and sextupoké octupole com-
ponents in the main Foc and DeFoc magnets are shown in Figsnd 45afor
different horizontal and vertical betatron amplitudesagplanes for all nonlin-
ear components in the main magnets are shown in Figs. 6 andormiation on
the lost particles at this calculations are presented omottem of each figure.
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Table 1: The MAD program multipole coefficients of the ordewith respect to
the magnet centek,, - L = 1/(Bp) - d"BL/dz"™ = 1/(3.3356405 - 0.954263) -
d"BL/dz"[m~"] for 0.4 GeV protons at new injection and extraction bump mag-
nets. Input data to STRUCT code. Harmonics in a bump(maxshosvn for
maximum field in the magnet. Harmonics in a bump2a are showa fase of
bump2 rotated in the horizontal plane by0°. Bump(max) and bump?2 are not
used in the system.

element BL Ki-L Ko - L Ks- L Ky L Ks - L K¢ - L
T-m 1/m 1/m? 1/m3 1/m?* 1/m® 1/m®
New injection bump magnets
bump(max) | +1.5574E-01| +3.4188E-03| +9.9767E-03| +2.8903E+00| +2.2201E+02| -8.3869E+03 | -3.6144E+06
bumpl -7.0028E-02 | -1.5373E-03| -4.4860E-03 | -1.2996E+00| -9.9829E+01| +3.7712E+03| +1.6252E+06
bump?2 +1.4006E-01| +3.0745E-03| +8.9721E-03| +2.5993E+00| +1.9966E+02| -7.5424E+03| -3.2505E+06
bump2a +1.4006E-01| -3.0745E-03 | +8.9721E-03| -2.5993E+00| +1.9966E+02| 7.5424E+03 | -3.2505E+06
bump3 -7.0028E-02 | -1.5373E-03 | -4.4860E-03 | -1.2996E+00| -9.9829E+01| +3.7712E+03| +1.6252E+06
New extraction bump magnets
bumpl1 +7.5431E-02| -7.0906E-05 | +4.5547E-02| +1.9956E-01| -8.1984E+00| -1.5063E+03| -3.5475E+05
bump2 -7.5431E-02 | -7.8369E-05| +4.7016E-02| +1.3622E-01| -3.0061E+01| +1.2642E+03| +1.0748E+06
bump3 -7.5431E-02 | +5.7844E-05| +4.8485E-02| +5.2060E-02 | +8.1984E+00| -2.1518E+03| -5.6125E+05
bump4 +7.5431E-02| -9.3297E-07 | +4.2608E-02| -5.3795E-02 | +4.0992E+00| +1.4794E+04| -3.1769E+05

Table 2: Booster F and D-magnet field multipoles B, = (0.0254"/n!B,) -

d"B/dz" and STRUCT multipole coefficientd./Bp) - d"B/dx™ at injection.

F-magnet D-magnet
pole| n | 10*-b,/B, | (L/Bp)-d"B/dx" 10*-b,/B, | (L/Bp)-d"B/dz"
m/anrl m/anrl

2 0 | 1.00000e+04 0.7793 kG 1.00000e+04 0.6627 kG

4 1 | 5.62210e+02 1.56589E-01 -7.02859e+02 -1.66472E-01
6 2 | 1.42220e+00 3.11902E-02 -3.91965e+00 -7.31000E-02
8 3 | 3.38836e-02 8.77677E-02 -2.98606e-01 -6.57743E-01
10 | 4 | 6.73212e-01 2.74614E+02 4.49709e-01 1.55997E+02
12 | 5 | -4.33973e-01] -3.48474E+04 2.77620e-01 1.89571E+04
14 | 6 | -1.08279e-00 -2.05385E+07 8.44590e-02 1.36233E+06
16 | 7 | 6.44508e-01 3.36913E+09 -2.13484e-01| -9.49002E+08
18 | 8 | 1.17022e-00 1.92670E+12 4.47200e-02 6.26124E+10
20 | 9 | 1.92633e-01 1.12379E+14 1.93170e-01 9.58312E+13
22 | 10 | -8.00929e-01]  -1.83956E+17 -1.16070e-02| -2.26701E+15
24 | 11| -2.47537e-00 -2.46218E+20 -1.73761e-01] -1.46975E+19

The results of these calculations are summarized in Fig. &evtlynamic aper-
ture of Booster is presented for the case with and without leigler nonlinear
components in the main magnets.
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Figure 1: Magnetic field distribution in the FOCUSING magiret horizontal
plane at Y=0 (top) and in a vertical plane at X=0 (bottom). tifidles from n=6
to n=24 are taken into account. Right side - the same distoibsiin the range of
-25.4 mm< X < +24.5 mm.

Horizontal and vertical phase planeagty, = 7.8 mm - mrad (nominal emit-
tance),cos, = 15.6 mm - mrad andegsy, = 31.2 mm - mrad Gaussian dis-
tributed beam for Fermilab Booster with nonlinear compasem the injection
and extraction systems and all nonlinear components in #ie Foc and DeFoc
magnets are shown in Figs. 9 and 10 for the case without apesstrictions
and with real aperture of accelerator. There is no partioés in the cases of
€959, = 7.8 mm - mrad andegsy, = 15.6 mm - mrad beams in both cases. About
20% of the beam is lost in a machine with real aperturesfgy, = 31.2 mm-mrad
beam.

3 Third order resonance correction

The normal sextupole components of injection, extractigstesn elements and
main Booster magnets excite four types of resonancgs:= 7, 3Q, = 20,
2Q, — Q, = 7Tand2Q, + Q, = 20.

The skew sextupole components of injection, extractiotesyselements and
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Figure 2: Magnetic field distribution in the DEFOCUSING magim a horizontal
plane at Y=0 (top) and in a vertical plane at X=0 (bottom). tifidles from n=6
to n=24 are taken into account. Right side - the same distoibsiin the range of
-25.4 mm< X < +24.5 mm.

main Booster magnets excite other four types of resonariggs: 7, 3¢, = 20,
2Q, — Q, = 7Tand2Q, + Q, = 20 (Fig. 11).

Correction of resonanc&), = 20 is performed by using normal sextupole
correctors (Fig. 12) located at short straight sectionscotkerator. As shown
in the equations below the correctors located at shorgétraiections are a factor
Of B2/ ore/ B liong = 13 more efficient compared to correctors located at the long
straight sections.

2A3r630n6§/2005(Bwr,reson) = ESBcorrﬂg/ZCOS(3¢x,corT)

S A3 esonF2SIN (3t reson) = LSBcorr B2 SIN (345, corr)

Here A3,cson, Bz, Yureson are strength3, and phase of sextupole harmonic
excited resonance;

S3corrs Bus Yu.corr are strengthf, and phase of sextupole harmonic used for
correction.

Correction of resonanc&?, + @), = 20 can be performed by using normal
sextupole correctors located at short or long straighi@estof accelerator. As
shown in the equation below the correctors located at shaight sections are a



factor Ofﬂi’/ﬁ)ngﬁy,long/ 6i7/32hortﬁy,short = 2.3 less efficient compared to correctors
located at the long straight sections.

S A12rcaon B2 ByCOS (20 reson + Vr reson) = BS3eorrBa’ > B,COS 20y corr + Yz corr)

S A1 0082’ BySIN (20 reson + Vi reson) = BSBcorrBs’ > BySIN (2 corr + P corr)

To check the performance of a new proposed correction schmesonance
3@, = 20 was excited by increasing of sextupole component of the foaimsing
magnet FMAGUO1 by a factor of 10. Horizontal phase planeffipe 0.5—4.00,
particles €q5, = 7.8 mm - mrad) is shown in Fig. 13. All sextupole correctors
of short straight sections are selected in four circuitf4§ISIN-, COS+, COS-.
16 correctors have a good phase directed close to diredti®iNg-, SIN-, COS+,
COS- vectors shown in Fig. 12. This correctors are calledifiineorrectors.
Eight other correctors are directed at ababit with respect to the SIN+, SIN-,
COS+, COS- vectors. These correctors are called “additieaparectors. Using
of these correctors may decrease the required correctmgstrby16%, as shown
in Fig. 13. The existing now third order resonance correcsicheme consists of
only four correctors. As seen from Fig. 13, the new propogecection system
do not produce perturbation of phase ellipses (do not iserbatatron amplitude)
because correctors are uniformly distributed around tleelaator and do not
produce big kicks to the particles compared to existing seheThe maximum
required strength of one corrector in the existing schenzefetor of 50 higher
compared to the new one, but the number of correctors is dialgtar of 6 bigger.
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Figure 4: Horizontal (left) and vertical (right) phase pgafor the Fermilab
Booster with nonlinear fields in the injection and extragtgystems. Only sex-
tupole and octupole components are taken in the main Foc aRd®magnets.
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Figure 5: Horizontal (left) and vertical (right) phase pgafor the Fermilab
Booster with nonlinear fields in the injection and extragtgystems. Only sex-
tupole and octupole components are taken in the main Foc aRd®magnets.



X', mrad

X', mrad

X', mrad

X', mrad

0.5

-0.5

0.5

-0.5

0.5

-0.5

0.5

-0.5

' hor.émpliludés: 1-10 sl‘gma. verf. ampl.: d.S sigma T ' hér.ampliludes: 1-10 élgma. VSI"I. ampl.: 6.5 sigma‘ +
- + 4 3t a
e 5 3
o Tt
L 1 ot 1
F &*
W " 1t i
e "
¥ 7 % T
vy b4 8
- el B o |
3 Fo > i
oy 4 At 1
4y e ¥
| RN L ]
o Mw’"‘}f 2 1
R SR
e L e £
L i 3t 1
particles Yvith Ax>4‘.5 sigma are lost dyring 300‘ turnes ) 4 ‘pamcles ‘T‘”m AX>4"5 sigma a‘re lost du:’lng 300 u‘Jmes )
-40 -30 -20 -10 0 10 20 30 40 -20 -15 -10 -5 0 5 10 15 20
X, mm Y, mm
. T — — T — 4 . : — — : —
hor.amplitudes: 1-10 sigma, vert. ampl.: 1 sigma ~ + hor.amplitudes: 1-10 sigma, vert. ampl.: 1 sigma ~ +
L N 4 3l 4
ik ‘““*‘*‘“}«» Wﬁ‘ﬁ?ﬂ&pg N
e + . B . L 4
f‘j:”:’ ‘w";w”*‘w e :“ oy i 2
L L . g Ty, i
ST e ¥y i 1
S ", b [ 1
3 3%
Silt ANt SN
r e % i } i¥--1 Eor f
’ 3& 3% \ ’ 7 # >
ERAN vt b j",:ﬁ i S 4
- i . P o o - -
t%.%w - o ot fed Al |
e ey
e N
L i 3t 1
particles Yvith Ax>§ sigma are lost dur‘ing 300 t\‘Jrnes ) 4 ‘pamcles ‘T‘”m A5 ‘slgma are‘k lost durerg 300 turr‘1es )
-40 -30 -20 -10 0 10 20 30 40 -20 -15 -10 -5 0 5 10 15 20
X, mm Y, mm
. T — — T — 4 . : — — : —
* hor.amplitudes: 1-10 sigma, vert. ampl.: 2 sigma ~ + hor.amplitudes: 1-10 sigma, vert. ampl.: 2 sigma ~ +
L 1 3l |
T .
B R N *
*.;f:* it ety “""*ii; ey .| N |
I NS I ] o C
A it T e +
{ ?’f v A -, *‘;“ i*“;* 1L |
ARy Y ‘g Jﬂ 3 3
g d 1310 8 . .
r T E ET T E or v |
g Lt 3
EAR SN FET .
K * N *’:‘,” o 1r . * ]
L g&, g $w‘:w«»"” R .
R vf‘;‘wﬁ“‘“***m*"’*w”’:o}”ig 2l E
R e . ’
+ B T . +
L . | 3L oo i
particles Yvith Ax>4‘ sigma are lost dur‘ing 300 t\‘Jrnes ) 4 ‘pamcles ‘T‘”m A4 ‘slgma are‘k lost durerg 300 turr‘1es )
-40 -30 -20 -10 0 10 20 30 40 -20 -15 -10 -5 0 5 10 15 20
X, mm Y, mm
T T T T T T T 4 T T T T T T T
hor.amplitudes: 1-10 sigma, vert. ampl.: 3 sigma ~ + hor.amplitudes: 1-10 sigma, vert. ampl.: 3 sigma ~ +
L + 4 3l 1
i A MR
ﬂgﬁ**:ﬂ‘“.uw ,,_M‘*»n” + 2L i
L & ~,,¢*w1w”” w:::** N i
Ry Wi b
o ", L 1r 4
i N 3
L T i { ;& e 4 E of 1
* P >
%, T
CENAND AT ar 1
",
! L N 1
iy - +
L et 2t g
R e :
L 4 3 B
Particles Yvilh Ax>4 sigma are lost dur‘ing 300turnes ‘pamcles ‘T‘"m A4 ‘slgma are‘ lost durln‘g 300 tur?es )
-4
-40 -30 -20 -10 0 10 20 30 40 -20 -15 -10 -5 0 5 10 15 20
X, mm Y, mm

Figure 6: Horizontal (left) and vertical (right) phase pgafor the Fermilab
Booster with nonlinear fields in the injection and extractgystems. All non-
linear components are taken in the main Foc and DeFoc magnets
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Figure 7: Horizontal (left) and vertical (right) phase pgafor the Fermilab
Booster with nonlinear fields in the injection and extractgystems. All non-
linear components are taken in the main Foc and DeFoc magnets
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Figure 8: Dynamic aperture of Fermilab Booster with nordineomponents in
the injection and extraction systems and sextupole angool#iwcomponents in
the main Foc and DeFoc magnets (top). Dynamic aperture Wlithoalinear
components in the main magnets (bgftom).
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Figure 9: Horizontal (left) and vertical (right) phase paof cg5, = 7.8 mm -
mrad (tOp), €95, = 15.6 mm - mrad (middle) andegs, = 31.2 mm - mrad
(bottom) Gaussian distributed beam for Fermilab Boostén wonlinear compo-
nents in the injection and extraction systems and all nealicomponents in the
main Foc and DeFoc magnets. There is no aperture restrictithre accelerator
(aperture in calculations is R=420 mm). There is no partm$s in the cases of
€959 = 7.8 mm - mrad andegsy, = 15.6 mm - mrad beams.12.3% of the beam
is lost in the case ofg5, = 31.2 mm - mrad beam.
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Figure 10: Horizontal (left) and vertical (right) phasemeofegsy, = 15.6 mm -
mrad (top) andegs, = 31.2 mm - mrad (bottom) Gaussian distributed beam
for Fermilab Booster with nonlinear components in the iticand extraction
systems and all nonlinear components in the main Foc and ©mlegnets. Real
aperture restrictions in the accelerator. There is nogartoss in the cases of
€959 = 15.6 mm - mrad beams.19.6% of the beam is lost in the case ©fy, =
31.2 mm - mrad beam.
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Figure 11: Booster tune plane.
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Figure 13: Horizontal phase planedf = 0.5—4.00, particles g5, = 7.8 mm -
mrad) for sextupole component increased by factor of 10 in faoyshagnet
FMAGUOL1 (top, left). Phase plane after correction using neain SEXS correc-
tors with strengthSk.,s = 0.06 m - 0.5776 m?, Sk, = 0.06 m - 0.1504 m? (top,
right), using all new SEXS correctors with strength,,, = 0.06 m - 0.4970 m?
Skyn = 0.06 m - 0.0741 m? (bottom, left) and using old correction scheme with
strengthSk.,s = 0.3 m-4.965 m3 [SEXL55, SEXL47],Sks, = 0.3 m-1.265 m?
(bottom, right) [SEXL44, SEXL58].
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